Peripheral leukocyte recruitment in neuroinflammatory conditions can exacerbate brain tissue damage by releasing cytotoxic mediators and by increasing vascular permeability. Cyclooxygenase (COX)-derived prostaglandins promote the migration of several immune cells in vitro, however, the specific roles of COX-1 and -2 on leukocyte recruitment in vivo have not been investigated. To examine the specific effects of COX-1 or COX-2 deficiency on neuroinflammation-induced leukocyte infiltration, we used a model of intracerebroventricular lipopolysaccharide (LPS)-induced neuroinflammation in COX-1
Introduction
Cyclooxygenase (COX) catalyze the rate-limiting step in the conversion of arachidonic acid to prostaglandins (PGs) and thromboxanes, lipid mediators involved in several physiological and pathological processes. 1, 2 Inflammation, associated with an increased expression of COX and elevated levels of PGs, has been implicated in a variety of acute and chronic neurologic and neurodegenerative disorders, including Alzheimer's disease, 3 Parkinson's disease, 4 and amyotrophic lateral sclerosis. 5 The two distinct COX isoforms, COX-1 and COX-2, share 60% homology in their amino acids sequence and have comparable kinetics. 1 However, the two isoforms differ in regulatory mechanisms, tissue distribution, preferential coupling to upstream and downstream enzymes, 6 and in modulating lipopolysaccharide (LPS)-induced neuroinflammatory response. 7, 8 Peripheral blood leukocytes infiltrate the central nervous system (CNS) after various inflammatory stimuli and can exacerbate brain tissue injury by releasing various cytotoxic and inflammatory mediators and increasing vascular permeability. 9, 10 Interestingly, COX-derived PGE 2 in the brain promotes migration in vitro of endothelial, 11 monocyte-derived dendritic, 12, 13 mast cells, 14 and macrophages, 15 as well as breakdown of the blood-brain barrier (BBB). 16 Supporting a role for prostaglandin in BBB breakdown and leukocyte infiltration, administration of non-steroidal antiinflammatory drugs that inhibit COX activity provides partial amelioration of BBB disruption, [17] [18] [19] and reduces leukocyte accumulation at the inflammatory site [20] [21] [22] and this effect is reversed by local application of PGE 2 . 20 We have shown earlier that glial activation, cytokine production, oxidative stress, and neuronal damage in response to LPS are attenuated in COX-1 À/À mice and increased in COX-2 À/À mice compared to their respective wild-type (WT) controls. 7, 8 As we have shown earlier that proinflammatory cytokines and chemokines, which are involved in leukocyte influx into the inflamed brain, are reduced in COX-1 À/À mice and increased in COX-2
mice, 7, 8 we hypothesized that COX-1 and COX-2 deficiency differentially modulate leukocyte recruitment and BBB permeability in response to LPS-induced neuroinflammation.
Thus, we examined the effect of COX-1 or COX-2 genetic deletion on leukocyte infiltration into the brain after intracerebroventricular (i.c.v.) LPS injection. I.c.v. injection of LPS has been used by our and other groups as a model of direct activation of brain innate immunity. [7] [8] 23 Centrally injected LPS causes a robust change in brain expression of genes involved in inflammatory response, learning, and memory. 24 Our data indicate that LPS-induced leukocyte infiltration was less severe in COX-1 À/À mice, and significantly increased in COX-2 À/À mice compared to their respective WT mice, and that these changes were accompanied by a differential expression of specific chemokines and BBB disruption.
Materials and methods
Mice and stereotaxic i.c.v. injection Three-month-old male homozygous (COX-1 À/À and COX-2 À/À mice and their respective WT mice (COX-1 þ / þ and COX-2 þ / þ ) on a C57BL/6-129/Ola genetic background were used. 25, 26 Stereotaxic microinjection of LPS was performed as described earlier. 8 Briefly, mice were anesthetized with ketamine (100 mg kg À1 ) and xylazine (10 mg kg À1 , i.p.) and positioned in a stereotaxic apparatus (Kopf Instruments, Tujunga, CA, USA). Vehicle (sterile saline, 5 ml) or LPS (Escherichia coli serotype 055:B5; 5 mg in 5 ml of sterile saline) was administered into the cerebral lateral ventricle using a 10 ml syringe with a fine needle (World Precision Instruments, Sarasota, FL, USA) and a syringe pump (Stoelting, Wood Dale, IL, USA) at a rate of 1 ml min À1 . This dose of LPS and time point (24 h) have been shown earlier to induce a robust neuroinflammatory response and neuronal damage from our and other laboratories. 7, 8, 23, 24, [27] [28] [29] The coordinates for the sterotaxic injections were À2.3 mm dorsal/ ventral, À1.0 mm lateral, and À0.5 mm anterior/posterior from the bregma. 30 The needle was kept in this position for an additional 5 min after injection and then retrieved slowly out of the brain. All animal experiments were approved by the National Institutes of Health (NIH) Animal Care and Use Committee in accordance with NIH guidelines on the care and use of laboratory animals.
Histology
After transcardial perfusion with phosphate-buffered saline and subsequent 4% paraformaldehyde, we obtained 30 mm cryosections from the brains. 8 Sections were incubated in primary antibodies, Iba-1 (Wako, Osaka, Japan), 7/4 (Serotec, Raleigh, NC, USA), and myeloperoxidase (MPO) (Cell Sciences, Canton, MA, USA) overnight at 41C followed by appropriate biotinylated secondary antibody (Vector Laboratories, Burlingame, CA, USA). Primary antibody incubation omitted for assessment of BBB disruption using biotinylated antimouse IgG (Vector Laboratories). 31 Sections were then incubated in Vectastain ABC solution (Vector Laboratories) and developed by diaminobenzidine incubation (Sigma). As cerebral neutrophil infiltration was obvious on digital imaging, the number of 7/4 þ cells per section was quantified as described earlier. 32, 33 The number of neutrophils per section was quantified by counting the number of 7/4-stained cell bodies within 0.16 mm 2 area of the CA3. For each measurement, two blinded independent investigators counted three sections (À1.58, À1.7, and À1.82 mm from the bregma) per brain and three to four brains per group.
Flow cytometry
Phosphate-buffered saline-perfused brains from individual mice were processed separately. Single-cell suspensions were obtained by homogenization through 70-mm cell strainers (BD Biosciences) in RPMI medium containing 10% FCS and blocked and stained for surface markers as described earlier. 34, 35 Cells were labeled with anti-CD45-phycoerythrin, anti-CD11b-FITC, and anti-Gr-1-allophycocynin antibody, or isotype-matched control antibodies (BD Biosciences) and then analyzed using a FACScan flow cytometry and CellQuest Pro software (BD Biosciences). For analysis of microglia, macrophages, and granulocytes, cells were gated on side scatter versus CD11b, followed by forward scatter versus CD11b, and forward scatter versus CD45. Microglia were separated from infiltrated leukocytes based on CD45 expression, with low levels of CD45 (CD45 low ) identifying CD11b þ microglia and high levels of CD45 (CD45 high ) identifying CD11b þ macrophages. [35] [36] [37] Granulocytes were distinguished from macrophages based on expression of Gr-1. 38 Quadrants were set on the basis of fluorescence levels using isotypematched control antibodies and the percentage of CD11b þ CD45 high and CD45
high Gr-1 high cells were presented using earlier described methods. 34, 39 Enzyme-linked immunosorbent assay The levels of CCL2, CXCL2 (R&D Systems, Minneapolis, MN, USA), and MPO (Cell Sciences) in plasma and brain were measured with commercially available enzyme-linked immunosorbent assay (ELISA) kits, as described earlier. 7 All steps of this assay were performed following the manufacturer's recommendations.
Quantitative real-time PCR Brain total RNA was extracted using RNeasy Lipid Tissue Midi kit (Qiagen, Valencia, CA, USA) as directed by the manufacturer. Quantitative real-time PCR was performed as described earlier. 8 
Neutropenia
Polymorphonuclear neutrophils (PMNs) were depleted by intraperitoneal administration of rabbit anti-mouse PMN antibody (3 ml kg À1 ; Accurate Chemical and Scientific, Westbury, NY, USA) daily for 3 days, which induced neutropenia in the mice on the day of LPS injection. 31, 40, 41 This resulted in a circulating absolute neutrophil count of o350 cells per ml by the day of injection. 42 Additional doses of anti-PMN were given in the morning of injection. The control group received the same amount of normal rabbit anti-mouse IgG (Accurate Chemical and Scientific) as a negative control. 31, 40, 41 Statistical analysis Data are presented as mean±s.e.m. Differences in mean values were compared by ANOVA and were considered significant at Po0.05.
Results

LPS causes microglial activation and leukocyte infiltration
To assess LPS-induced microglial activation and leukocyte recruitment, we performed immunohistochemistry using Iba-1, a microglial marker, MPO, a key oxidative enzyme abundantly present in neutrophils, 43 and 7/4, a neutrophil marker. 44 Intense Iba-1 þ microglia with enhanced staining intensity and hypertrophy appearance were observed in LPS-injected mice (Figure 1b) . A number of MPO þ cells with morphology suggestive of reactive microglia and neutrophils were detected in brain of LPS-injected mice (Figure 1d ). þ neutrophils around meninges (g), parenchymal vessel (h), and choroid plexus (i). Scale bar, 100 mm.
We also found a marked increase in 7/4 þ neutrophils, with small and round appearance, in the parenchyma of LPSinjected mice (Figure 1f ), whereas 7/4 immunostaining was low in the brain of vehicle-injected mice (Figure 1e ). LPS injection induced microglial activation and strong neutrophils infiltration into the brain through potential entry routes including meninges (Figure 1g ), parenchymal vessels (Figure 1h ), and choroid plexuses (Figure 1i ) as described earlier. 45 COX-1 and COX-2 differentially regulate leukocyte infiltration To examine the possibility that each COX isoform differentially regulates the inflammatory response after LPS 7, 8 through recruitment of peripheral leukocytes, we first performed immunohistochemistry using the 7/4 antibody and quantified the number of neutrophils in the hippocampus of COX-1
, and their WT mice 24 h after LPS injection. The number of 7/4 þ neutrophils was increased in the hippocampus of COX-2 À/À mice compared with WT mice (Figures 2d and e) , whereas it was significantly decreased in COX-1 À/À mice (Figures 2b and e) . We further assessed whether deletion of COX-1 or -2 affects levels of brain MPO. Levels of brain MPO were decreased in LPS-injected COX-1 À/À mice and increased in COX-2 À/À mice compared with their respective WT mice (Figure 2f) .
Using flow cytometry with antibodies to CD11b, CD45, and Gr-1 as described, 36, 38 we determined the number of infiltrated leukocytes in the brain of COX-1
, and their respective WT mice 24 h after LPS injection. Flow cytometry allows to distinguish cell types that possess the same antigen but in different amounts and thus, differentiates blood-derived monocytes from resident microglia in cellular isolates. Macrophages are identified as a CD11b þ CD45 high population of cells, whereas resident microglia are identified as a CD11b þ CD45 low population of cells. 33 Neutrophils infiltrated from the peripheral blood are defined as a CD45
high Gr-1 high population of cells. 38 The dot plots resulted from the analysis of isolated whole brain including hippocampus from COX-2 À/À mice showed a marked increase in the percentage of CD11b þ CD45 high cells compared to WT mice (top right quadrants; Figure 3a) . Quantification of the proportion of Gr-1 high cells (top right quadrants; Figure 3b ) is displayed in bar graphs, after gating on CD11b þ CD45 þ cells only. The proportion of infiltrating neutrophils was significantly elevated in COX-2 À/À mice (Figure 3f ). In contrast, the increase in CD11b 
Infiltrated neutrophils potentiate inflammation
To determine whether neutrophils infiltrated into the brain from the periphery further potentiate the neuroinflammatory response, we depleted neutrophils using an anti-PMN antibody. 31 The proportion of infiltrating macrophages (top right quadrants; Figure 4a ) and neutrophils (top right quadrants; Figure 4b ) was decreased in PMN-depleted mice (Figures 4c and d) compared with IgG-treated mice (Figures 4c and d) 24 h after LPS injection. We confirmed flow cytometric results by measuring MPO levels by ELISA. We found a similar decrease in the levels of MPO in the brains of PMN-depleted mice (Figure 4e ), compared with IgG-treated mice (Figure 4e ) after LPS.
The proinflammatory cytokine IL-1b is rapidly induced after inflammatory insults and has a pivotal role in the process of inflammation and leukocyte recruitment into the CNS. 44 Thus, we assessed whether infiltrated peripheral leukocytes modulate IL-1b induction. Levels of brain IL-1b 24 h after LPS injection were significantly attenuated in PMN-depleted mice compared with IgG-treated mice (Figure 4f ). These data indicate that neutrophils recruited to the brain from the periphery potentiate the inflammatory response.
COX-2 deletion exacerbates BBB permeability and plasma chemokine levels As induction of inflammatory responses can cross-amplify disruption of BBB, which precedes leukocyte infiltration into the CNS, 46 we determined whether COX-2 deficiency exacerbates BBB disruption using IgG immunohistochemistry as a marker of serum protein extravasation across the 
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BBB. 31 The leukocyte infiltration observed was accompanied by an increase in BBB leakage in LPS-injected COX-2 À/À mice (Figure 5h ). In contrast, marked decreases in the distribution and intensity of IgG immunoreactivity were evident in LPSinjected COX-1 À/À compared with WT mice (Figure 5f ). We further assessed whether COX-2 deletion affects plasma and brain levels of CCL2 and CXCL2, chemokines primarily involved in the mobilization and migration of neutrophils. 31, 47 Levels of CCL2 and CXCL2 were significantly increased in LPS-injected COX-2 À/À mice compared with WT mice (Figures 5i-l) .
Discussion
Recent evidence highlights the distinct roles of COX-1 and -2 in neuroinflammation, and their possible contribution to the pathophysiology of several neurodegenerative diseases (reviewed in 48 ). Microglia, the brain resident immune cells, are rapidly activated in response to inflammatory stimuli and neuronal damage, 49 express COX-1, and can contribute to the modulation of leukocyte recruitment by releasing cytokines and chemokines. Infiltrated and activated neutrophils can also release a variety of proinflammatory mediators 
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S-H Choi et al such as tumor necrosis factor-a, IL-1b, and matrix metalloproteinases-9, 50,51 and can contribute to oxidative stress and subsequently neuronal damage by producing superoxide anion and hypochlorous acid through nicotinamide adenine dinucleotide phosphate-oxidase (NADPH oxidase) and MPO, respectively. 52 In addition, neutrophils can also release several chemokines of the CC and CXC families that recruit distinct leukocytes into the inflamed tissue, 53 potentially amplifying the cellular inflammatory response and further exacerbating brain injury. Although the mechanisms underlying the recruitment of leukocytes on CNS injury are not clearly defined, growing evidence suggests that activated leukocytes enter the brain parenchyma and initiate a chronic inflammatory process in many neurological diseases. [54] [55] [56] In particular, considerable clinical data indicate that acute infiltration of neutrophils is risk factor for ischemic stroke, where it is associated with a worse clinical outcome. 57, 58 Using PMN depletion, our data provide evidence that i.c.v LPS worsens the inflammatory response by exacerbating the recruitment of neutrophils into the inflamed brain. Similarly, earlier studies in the absence of a systemic inflammatory stimulus, in which neutrophils have been depleted or their migration from the vasculature inhibited, have provided considerable evidence that neutrophils contribute to ischemic and excitotoxic brain damage. 31, 59, 60 Our data indicate that COX-1 and COX-2 have distinct roles in the initiation of immune responses and differentially modulate microglial activation and recruitment of leukocytes, and particularly of neutrophils. We showed that the early infiltration of neutrophils was COX-1 dependent. Influx of neutrophils into the inflamed brain was decreased in COX-1 À/À and increased in COX-2 À/À mice, with parallel changes in BBB permeability and proinflammatory mediators. These results indicate that inhibition of COX-1 activity is anti-inflammatory, whereas suppression of COX-2 activity may worsen the neuroinflammatory response.
Although COX-1 has traditionally being considered as the isoform primarily responsible for homeostatic PG synthesis, it has recently been implicated as a critical player in neuroinflammation and neurodegenerative diseases. 61 In rats, aging is associated with increased COX-1 expression in the hippocampus and COX-1-derived thromboxane B 2 , 62 which might increase brain susceptibility to inflammation.
COX-1
À/À mice also show reduced glial activation, oxidative damage, and neuronal death after i.c.v. injection of Ab 1À42 . 61 We showed earlier that COX-1 À/À mice or WT mice treated with a selective COX-1 inhibitor exhibit reduced microglial activation along with PGE 2 production after i.c.v. LPS. 8 On the other hand, COX-2 is rapidly induced by a variety of inflammatory stimuli and thus, traditionally has been considered as the most appropriate target for anti-inflammatory drugs. However, recent studies have pointed out a critical role of COX-2 in neuroprotection and in the resolution of inflammation, 63 and we reported that COX-2 À/À mice and WT mice treated with celecoxib, a COX-2 selective inhibitor, have increased neuroinflammatory response, neuronal damage, and oxidative stress after LPS. 7 Similar observations using systemic immune stimuli provided evidence that inhibition of COX-2 resulted in an exacerbated early innate immune reaction. 64 Although COX-2 activity could contribute to neurotoxicity in models of direct neuronal injury, [65] [66] [67] its role in neuroinflammation could be linked to resolution through production of specific neuroprotective lipid mediators. 63 Among COX-derived PGs, PGE 2 is particularly important for the propagation of inflammation because it activates nuclear factor-kB, 68 which, in turn, induces transcription of several proinflammatory cytokines and chemokines, including IL-1b, tumor necrosis factor-a, and CCL2. The production of these proinflammatory mediators leads to the influx and activation of neutrophils through modulation of matrix metalloproteinases and BBB permeability 19, 31 and to the subsequent leukocyte recruitment into the inflamed brain. Intracerebral injection of PGE 2 produces marked BBB breakdown 16 and upregulation of matrix metalloproteinase-9 expression, 69 which can be blocked by EP4 silencing and by a selective EP4 antagonist. 70 Further studies are required to elucidate the individual roles of the different EP receptors and coupled upstream and downstream signaling pathways in pathological conditions involving the activation of the arachidonic acid cascade.
In summary, COX-2 À/À mice showed more extensive leukocyte infiltration and inflammatory response than COX-1 À/À mice. This influx of leukocytes was accompanied by a marked BBB compromise and specific induction of chemokines on inflamed brain. Our data suggest that the beneficial effects of COX-2 activity in the resolution of inflammation need to be considered when using COX-2 selective inhibitors, and that non-steroidal anti-inflammatory drugs with higher selectivity for COX-1 should be further evaluated as a therapeutic approach in diseases with a neuroinflammatory component, particularly when accompanied by BBB breakdown and infiltration of immune cells from the periphery.
